Abstruct-Ship noise received on a horizontal array towed behind the ship is shown to he useful as a potentially diagnostic tool for estimating local acoustic bottom properties. In numerical simulations, tow-ship noise which bounces off the bottom is processed on a beamformer that shows the arrival angles; the beamformer output is readily interpreted by relating it to the Green's function of the acoustic wave equation. Simple signal processing is shown to be sufficient to extract the propagation angles of the "trapped" (i.e., propagating) modes of the acoustic waveguide. By relating the trapped modes to a basic geophysical model of the bottom, one can predict acoustic-propagation conditions for a particnlar bottom-interacting ocean acoustic environment.
I. INTRODUCTION ORIZONTAL arrays of hydrophones towed behind a ship
H a r e presently being used as sonar receivers. Sophisticated beam-forming methods combined with noise suppression can render these towed arrays highly sensitive acoustic detectors.
In a bottom-limited acoustic environment, tow-ship noise received at the array w i l l interact with the ocean bottom. This can be viewed as an undesirable interference (from the point of view of detection), or as a potentially diagnostic tool useful for studying local average bottom properties. Indeed, a signalprocessing algorithm constructed to suppress tow-ship noise in bottom-limited environments can be viewed as an inverse matched filter of the near-field effects arising from the waterbottom interface.
In this paper, we consider how the beam-formed tow-ship noise received at the array is related to local ocean-bottom properties. This is done by numerically simulating ship-toarray sound propagation for a range of idealized plane stratified ocean-bottom types, representative of many shallow coastal regimes [1]-[3] . We consider here simple oceanbottom environments in order to emphasize the basic physics and signal processing of the problem (although more complex multilayered geobottoms can also be treated).
In Section II we review the basic environmental acoustics of bottom-limited propagation, with emphasis on that part of the acoustic field which is most descriptive of the geoacoustic properties of the ocean bottom. In Section III we formally derive the equations relating the solution of the acoustic wave equation with the output of the array beamformer, examining beamformer output response in terms of propagating and virtual leaky-mode contributions. Finally, in Section IV we present initial simulated results showing how output from selected subsections of the towed array can be used to extract bottom information from beam-formed tow-ship noise. This bottom information can then be used to make propagation loss predictions.
II. DESCRIPTION OF SOUND PROPAGATION IN A BOTTOM-LIMITED ENVIRONMENT
For bottom-limited sowid propagation, the ocean is modeled as a waveguide bounded above by a perfect reflecting sea surface and below by an acoustically penetrable ocean bottom. For this study we have taken both boundaries to be flat, and we model the ocean bottom as a homogeneous half-space of one or more layers. At the very low frequencies considered here, scattering effects from, e.g., topographic bottom roughness, as characterizes typical coastal seabeds, are negligible (and cannot in any case be modeled with an exact full-wave propagation treatment). Since tow-ship noise spectra are typically of relatively narrow bandwidth [2], a point source representation is employed here in these initial studies for simplicity of presentation. If we consider the resulting sound field to be locally a superposition of plane waves, then for all incident angles sound is perfectly reflected at the ocean surface. At the ocean bottom, however, the reflectivity will depend upon the incident angle of the impinging plane wave. If the ocean bottom is described as an interface between two media with densities p w and Pb and compressional sound speeds c, and Cb, then the reflectivity appears as shown in Fig.  1 ; the subscripts ''w" and "b" refer to the water column and ocean bottom, respectively. The angle 0 is the grazing angle of the incident plane wave, measured with respect to the horizontal.
For this simple example, we clearly see that (for cb greater than c,,,) there is a critical angle OC which divides the curve in Fig. 1 into regions of good (perfect if bottom is lossless) and poor reflectivity. The region of poor reflectivity corresponds to grazing angles for which sound penetrates through the interface and is transmitted into the bottom, thereby causing energy to be lost from the water column. On the other hand, if sound propagates with an angle less than 0, in the above waveguide, we expect it to propagate long distances, since for each bounce it is perfectly reflected at the sea surface and nearly perfectly reflected at the ocean bottom. Hence, as illustrated in Fig. 2(a) , sound propagating at steeper angles (e greater than 0J decays rapidly after a few bounces because sound is transmitted into the ocean bottom. Fig. 2(b receiver requires knowledge of propagation conditions. In A tow-ship/array configuration is illustrated in Fig. 3 . The lossv bottom).
angle Bi corresponds to the angle of propagation of the wave component relative to the horizontal, defined by the ith array
SOUIID SPEED
hydrophone. In all examples in this paper, the water depth is PROFILE RANGE 100 m, the source depth is taken to be 10 m, and the array depth is 50 m.
The acoustic noise field received by a hydrophone in the towed array for an angular frequency o is given by the SED'IMENT ( c , , a ,~, , P , p ) expression for the velocity potential [SI, [6] (a) have shown a significant correlation between the individual acoustic properties (density, sound speed, attenuation) for a given ocean-bottom type. Table I shows a suinmary of geoacoustic bottom types taken from recent studies of continental shelf regions [4j. For example, in Table I , a critical angle corresponding to c b / c , = 1.01 ( e, = 8") is &en to be a clay-silt bottom, with all the acoustic properties shown. In this paper, we will take Table I to be our parameterization of ocean-shelf types and their acoustic properties. Although Table I was derived for continental-shelf regions, parts of it (e.g., clay silt) are useful for nonshelf areas such as ocean basins.
The measurement of reflectivity at sea is in itself a major experimental undertaking. Furthermore, for long-range propagation involving many tens of bounces, an error in the local reflectivity of the order of a few tenths of a decibel/bounce translates to net errors in predicted propagation loss of the order of 10 dB for long ranges. Since exact seismic-acousticpropagation modeling algorithms for range-dependent and nonplanar stratified environments are as yet unavailable, what
where the tow-ship source is located at depth ZO, and a receiver element of the array is located at (x, y , z).
B. Boundary Conditions
From the boundary condition at the ocean surface, we take (as per common convention) the density of air to be negligible compared with that of water; hence the pressure must vanish at the ocean surface ("pressure-release surface"). At a boundary between two media such as the ocean water column and the ocean bottom, the balancing of forces at the interface requires that physical particle velocity u and pressure p be continuous across the boundary. This has repeatedly proven a valid approximation for a wide variety of ocean acoustic-propagation studies [6] , [7] . Hence, for a horizontal fluid/fluid boundary, the quantities ui = -a+/& (vertical component of particle velocity) and
are continuous across the interface, where p is the density of the medium in which the wave is propagating.
The above boundary conditions lead to the type of curve shown in Fig. 1 . If in addition the ocean bottom is treated as an elastic medium that can support shear motions, there is an additional boundary condition that tangential stress must be continuous. Since the water colu& cannot support shear waves, the tangential stress in the ocean bottom vanishes at the interface. For the elastic case, the reflectivity curve is in general more complicated than that shown in Fig. 1 [6]- [9] . 
C. Numerical Solution and Fast Field Program
In this section we solve the wave equation for the case in which the sound-speed profile is only a function of depth and the bottom is flat; this type of environment is often referred to as the horizontally stratified ocean. From (1) we therefore have that c(x, y, z) is simply c(z). Because the environment is independent of F: where 7 = (x, y), one possible method of solving (1) is to Fourier decompose the acoustic field into an infinite sum of horizontal waves:
where "g" is the depthdependent Green's function. Substituting (4) into (1) we obtain the equation for g ( a , qy, 2): We now integrate over the azimuthal angle to obtain m , 2)' ja 9 d&?Y z)Jo(rl, r) g(q, z) is even in 9, we can rewrite (7) as
where the integration over g is now from -03 to 00. For ranges greater than a few wavelengths from the source, the asymptotic form of the Hankel function can be used:
H& r)= (2/rgr)'" exp (i(qr-r/4)).
Hence, (8) can be expressed as
where the weighting factor r-Il2 indicates cylindrical spreadEquation (10) can be numerically integrated to obtain the acoustic field at the range rand depth z. In order to accomplish this we must solve (5) for g at many values of 9 so that the 2-T -m ing.
integration over horizontal wavenumber in (10) can be performed. Given that g has been obtained numerically as a function of q , the integration can be done rapidly using a fast Fourier transform (FFT) algorithm. The total procedure of efficient Green's function computation and numeric integration for field parameters is called the fast field program (FFP) For computation by F F T , we discretize (10) by letting In this subsection we have outlined a technique for numerically solving the wave equation using a local set of horizontal plane waves, each with horizontal wavenumber q as indicated in (4). Fig. 4 shows the angle 8 associated with a wave of horizontal wavenumber q:
In horizontally stratified media, the horizontal wavenumber is independent of depth, but the vertical wavenumber generally is not. Whei the sound speed is depth dependent, as it is in the most general case, then both the number qr and 8 are functions of depth. The variation of qz and 8 with depth indicates that the acoustic field at the nth hydrophone array can be considered to be a superposition of Nplane waves, each with an amplitude g(qm, z,) and angle 0, with respect to the horizontal. (The subscript "a" refers to the depth of the receiving array.)
D. Normai-Mode Solution and Interpretation
In the analysis and applications to follow, it is important to understand the normal-mode solution, since it refers precisely h 1 Fig. 4 . Propagation angle 0 associated with a wave of horizontal wavenumber ij, to that part of the total acoustic field which is "trapped" in the acoustic waveguide and will propagate long distances. This model allows a ready physical interpretation of the resulting beamformer output. In addition, recall from Section II that for the bottom models considered here, the location . . : -the crossover between the near-field and the far-field reging.. . , at 0 = e, , characterizes a given ocean-bottom type. Beca; :. e we have near-perfect reflection at both boundaries for sound propagating within the cone 28, of Fig. 2 , there will exist a discrete set of angles which will have exclusively cons: uctive interference. Fig. 5 shows that for an isospeed waveguide, a normal mode (nth mode here) can be associated with the wavefront DC. The total phase change along the acoustic path ABC (with reflection phase changes at B and C) must be an even multiple of ?r [6].
Formally we may obtain the normal-mode solution to the wave equation by expanding the solution g(q, z) (5) into a complete set of normal modes:
where the "u,,'s" are the solutions to the eigenvalue equation 
(16) dz2
We require that u,(z) satisfy the boundary conditions at all interfaces, be zero at z = 0, and be bounded as z + M . The normal modes form a complete orthonormal set that satisfies the relation where the density p(z) takes its appropriate value in each layer and where 6, , is the Kronecker delta. Although we have indicated a sum only over discrete eigenvalues, in reality the spectrum of eigenvalues consists of a discrete part and a continuous part. The discrete part, which we focus on here, occurs in the interval
where cb is the highest layer speed of the oceanhottom system.
We now substitute (15) Substituting (15) and (19) . . -. . (21) mode there corresponds to the most-horizontal wave. The Equation (22) is the normal-mode representation of the acoustic field. Comparing (6), (lo), and 20 shows us that the depth-dependent Green's function has poles at ?1 = km. The poles correspond 'to the wayenumber eigenvdues of the discrete normal modes. The propagation of th'ese modes is characterized by cylind@+ spr&ding. The inequality (18) gives d c b as the lowest allowed discrete horizontal wavenumber. Hence, from (15) ; the laigeit angle in an isospeed water column corresponding to propagation of discrete modes is e = c o r 1 (cJcb), which is the definition of the critical angle e, , shown in Figs. 1 and 2(a) . Angles greater t b h the critical value (corresponding to wavenumbers less t h h 9 = deb) make up the near wave field, essentially the "continuous" part of the wavenumber spectrum for the total acoustic field. This part of the field dies off much more rapidly than rr1I2. The word "continuous" here is used because the reflectivity from the bottom is less than one; hence up-and down-going waves have different magnitudes, and consequently no angles exist where waves interfere completely destructively. A plot of the depthdependent Green's function is shown in Fig. 6 (in units of normalized intensity). The largest wavenumber corresponds to the lowest phase velocity of the system (see inequality hi (18)). The eigenvalues corresponding to the peaks of Fig. 6 are usually numbered from right to left, so that the lowest
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E. Environmental Acoustics and Beam Forming
A towed array beamformer is a spatial wavenumber spectrummalyzeq. Fig. 7 shows a section of a representative horizontal array indicating that if we want to beam form in the 0, direction (wik, respect to horizontal), we should phase all the elements of the array so that the output of all array elements are in phase for the plane wave in the direction 0,:
n=O By taking the inverse transform with Wn = ( 2~r ) ' /~, we obtain
Wnq5(rn, z)=(l/N) B(e), exp (i;?nmn/N). (25)
Comparison of (8) with ( one to the following relation between the Green's function g and B(8) (to within a complex phase factor of magnitude 1):
where C, = A~,I(~,I,)I/~/N. Equation (26) states that the output of the beamformer is proportional to the Green's function expressed in angle space. We can conclude from the above relation that the peak values of the Green's function correspond to maximum values of the beam-formed output. Physically, this means simply that the angles for which we receive maximum responses at the beamformer correspond to the propagation angles of the modes. Thus interpretation of the response is straightforward, since knowledge of the angles of maximum response is tantamount to knowledge of the modes (which in turn are themselves functions of the bottom properties).
Often the array will not have sufficient resolution to accurately locate all individual peaks, but will still show clearly the transition region between the discrete and continuous parts of the spectrum. In addition, e.g., wind-generated noise could be a further factor in reduced array S/N (although distant background shipping noise would not generally be a problem). Fig. 8 shows a Green's function, the output of the array beamformer, and the expected transmission loss. Note that for a nonisospeed water column the angles at the array are different from the angles at the bottom, the invariants being the horizontal wavenumber. Therefore, in this case, if we want to locate the critical angle from the output of the beamformer, the angles on the abscissa would be obtained from (14) with c(z) being the water sound speed at the ocean bottom.
F. Environmental Acoustics and Beamformer Signal Processing
Let us assume that the array geometry in Fig. 3 is such that acoustic paths near Bi = 0, intersect the horizontal array.
Hence the array is receiving "two kinds" of acoustic fields: 1) the far-field discrete modal kind (8 < e,), which dies off as rr1l2, and 2) the near-field continuous leaky-mode kind (8 > e=), which dies off much more rapidly than r -because of transmission into the ocean bottom. Hence, if we compare the beamformer response for those elements close to the tow ship with the output from those farthest away, the output for the region 8 < 0, should be about the same, but for the region 8 > 8, the amplitude of the beamformer output should be considerably less. This suggests the following simple beamformer processing scheme. First, separately beam form on the entire array and the second half of the array. Then observe the difference in the two beamformer outputs. The comparison locates the discrete/continuous transition region, and hence gives a direct estimate of the critical angle. From the criticalangle estimate and Table I 
IV. NUMERICAL SIMULATION OF TOWED ARRAY RESPONSE TO SKIP NOISE
In this section we discuss results obtained from a beamforming routine which uses output of the FFP above as synthetic input data. The simulated beam response is computed at a frequency of 25 Hz and an array element spacing of M2 (30 m). The array has 64 elements and is towed directly behind the source vessel. The source itself is here taken as a point radiator at a depth of 10 m. The consideration of realistic narrow-band noise as a source will not fundamentally alter the detection of the disc&e/continuum demarcation [ 121. Two common but significantly different shallow-water bottoms are considered: coarse sand and silt. These bottoms are typical for a continental shelf [3] , [4]. In both cases the water depth is 100 m. Fig. 9 shows the beam response versus grazing angle for a coarse-sand bottom. In this figure we see two prominent peaks as well as a series of smaller amplitude oscillations beyond approximately 30" grazing angle. Fig. 10 shows the same beam response calculation, using only the last 32 hydrophones. The small-scale oscillations have disappeared, and the peaks are in the same location, although they have broadened somewhat.
The interpretation of Figs. 9 and 10 is as follows. The two peaks are due to trapped waveguide modes and fall off slowly with range; they thus appear with both the &element and 32-element beam-forming schemes. The oscillations, on the other hand, are part of the continuous spectrum and decay rapidly with range. Hence, when the last 32 hydrophones are used, the oscillations disappear. The broadening of modal peaks is due simply to the reduced resolution obtained when fewer hydrophones are used to beam form.
The critical angle estimated from the highest propagating mode angle from Figs. 9 and 10 is 30". The true critical angle for a coarse-sand bottom is 33.5". The 3.5 O difference occurs here because the critical angle is itself a limit that is approached from below as the ratio of the wavelength X to waveguide thickness H approaches zero (X/H + 0). For a finite X/H ratio, the highest mode angle will always be less than 0,. In some cases, as happens here, the error is not significant. In other cases, such as the silt bottom discussed below, the error can be large.
Figs. 11 and 12 show beam response calculation for a silt bottom. The second mode, which has a propagation angle of approximately 29", is not a "trapped" mode but rather is a "virtual" mode which is part of the continuum and thus decays rapidly with range. In Fig. 12 , where only the outer 32 hydrophones are used, the second mode has decayed away, leaving only the one trapped mode at approximately 12". For silt the true critical angle is 18". Hence, in this case, the highest mode propagation angle gives a poorer estimate of e, .
We might estimate the true critical angle to be halfway between the last trapped mode and the first virtual mode. Although such an approach gives a better estimate here, it cannot always be readily applied because in some cases (i.e., in bottoms with nonnegligible shear rigidity) it is difficult to determine exactly where the continuum begins. A more rigorous approach for improving the present estimates is discussed below. In order to understand and correct the error in the beamformed estimates of &, it is useful to refer to the Green's function versus wavenumber plots of Figs. 6 and 8. In Fig. 6 we have X/H = 60/1000 = 0.06 while in Fig. 8 h/H = 30/100 = 0.3. Consequently in Fig. 6 the modes are more closely spaced, and thus the highest angle mode is very close to the limiting values of wavenumber w/cb. Hence, the corresponding highest propagation angle is close to the critical angle. In Fig. 8 , however, the modes are spread farther apart and the highest angle mode turns out not to be as close to w/cb as in Fig. 6 . Hence, the highest angle of propagation will be somewhat less than 0,.
At a fixed frequency and water depth the mode spacing is approximately the same regardless of the bottom type. (Note that the mode spacing is approximately the same for coarse sand and silt). In shallow water (e.g.. H = 100 m, X = 60 m) the mode angle spacing is large enough that the highest mode propagation angle can be considerably less than 0,. In the coarse-sand example the highest mode angle happens to be close to critical, whereas in the silt-bottom example it is not.
The large spacing of propagation angles in shallow water can make it difficult in some instances to accurately determine the "break" (at 0, ) between the discrete and continuous eigenvalue spectrum. Hence, it is worthwhile to consider a simple modification to the present identification scheme. Although the beamformer output currently cannot be easily used to accurately estimate critical angle in some shallowwater bottoms, it can, however, often be employed, as in Figs. 9-12, to identify the highest mode propagation angle. Thus, for each bottom type, we can construct a simple "look-up" table which shows the highest propagation angle as a function of water depth. Since the water depth is easily measured with a depth'sounder, the modified scheme could be easily implemented and would provide an alternate identification procedure for gross discrimination of shallow-water geobottoms. The discussion thus far has restricted consideration of beam forming to relatively low acoustic frequencies. Although in principle both higher and lower frequencies could be considered, at frequencies much above about 100 H z , crowding of acoustic modes seriously degrades beamformer resolution [13]; at extremely low frequencies (below modal cutoff), more effective means of seismic interface wave detection should be employed [lo] . For many geoacoustic modeling applications, effective or layer-averaged bottom parameters suffice [7] . Recent work by the present authors has shown that with simple changes to the source-receiver array offset and tow depth, the beamformer application described here can in many cases be equally well employed in discriminating multilayered bottoms (including those with velocity gradients) for estimation of individual layer properties. With a reliable method for rapidly identifying bottom type, we can use the estimated bottom parameters in Table I and a given propagation model (for example, the wide-angle parabolic equation program) to quickly give an accurate initial prediction of the acoustic field at long ranges.
V. SUMMARY AND CONCLUSIONS
It was shown above that tow-ship noise received by the towship array can be used as an expedient diagnostic tool for 297 estimating local acoustic bottom properties. The comparatively simple output of the array beamformer was directly related to the Green's impulse response function of the wave equation for a given ocean acoustic environment. A simulation study showed that a parameterization of ocean-bottom types combined with only simple signal processing allows one to determine bottom characteristics which are useful for predicting acoustic propagation for representative bottom-interacting underwater environments. Standard normal-mode theory suffiw to account for observed beamformer response over most frequencies.
The bottom model used in this initial investigation was very simple: isospeed water overlying a homogeneous sediment half-space. Future studies will incorporate more realistic ocean sound-speed profiles and more complex (multilayered) bottoms. For example, since the FFF' allows arbitrarily complicated layering, it is straightforward to further test the present beam-forming method with other realistic sediment structures and also as a function of elastic layer parameters for many more possible geoenvironments. The effects of employing a more realistic narrow-band infrasonic "noise" source can also be considered within this basic framework. Such studies can guide the choice of engineering parameters used in an at-sea test of the method.
